Introduction
The use of templates in chemistry is nowadays a widespread strategy for the synthesis of complex molecules and supramolecular assemblies. [1] [2] [3] [4] A plethora of species ranging from macrocycles and cages to interlocked molecules and imprinted polymers have been efficiently synthesised using this approach. In a reaction where several potential products can be formed, chemical templates pre-organize the molecular building blocks to favour the formation of products with specific nuclearity, geometry and overall structure. The interactions between the building blocks and the corresponding template are generally of a non-covalent nature (e.g. hydrogen bonding, electrostatic interactions, coordination bonds or π-π stacking). In order for a templated process to successfully yield the targeted product, the structural and electrostatic properties of the template need to be carefully selected. From a structural point of view, both the size and geometry of the template have to be considered, while electrostatically the choice is restricted to neutral, positive or negatively charged species. While cations have been widely used as templates in synthetic chemistry, the role of anion templates did not start to be exploited until relatively recently. In spite of the initial reservations regarding the high solvation energies, sizes and pH dependency of anions, the past few years have shown the great potential these species have as templates in a wide range of synthetic routes. [5] [6] [7] [8] [9] [10] In a templated reaction, once the building blocks have been pre-organised by the template, they can be linked together by irreversible covalent bonds or by reversible interactions (either covalent or supramolecular). Initially, most templated reactions aimed at forming irreversible covalent bonds between the building blocks being brought together by the template. However, more recently, a different approach to templated processes has been developed in which the building blocks are linked together by reversible bonds which can rapidly form and break. If in this reaction mixture there are several different building blocks that can react with each other in a reversible fashion, then a dynamic equilibrium between all the possible combinations of the molecular components can be established. This approach, known as dynamic combinatorial chemistry (DCC), can then lead to the formation of virtual libraries of compounds -named dynamic combinatorial libraries (DCL) -that are thermodynamically controlled. [11] [12] [13] [14] [15] As with any other chemical equilibrium, different external stimula (e.g. temperature,
concentrations, addition of a template) can modify the equilibrium between the components of a DCL. Amongst the most efficient ways of modifying the composition of these virtual combinatorial libraries, is by adding a template which can shift the equilibrium towards the formation of one particular assembly or molecule over others. This process is known as amplification.
The concept of dynamic combinatorial chemistry was pioneered by Sanders [16, 17] and Lehn [15, 18, 19 ] in the 1990s. Since then, a wide range of reports have appeared in which different templates have been used to amplify specific components of a dynamic library. In most cases, the templates used are either cationic or neutral species leading to the amplification of the corresponding receptors for these types of species. Considering that anion templates have only started to be used recently in synthesis, it is not surprising that there are only a handful of examples where DCLs are amplified by anionic species.
This chapter aims to provide an update on the role of anions as templates. The review is divided in two main sections: a) anion-templated synthesis of assemblies linked together by irreversible bonds (or bond that are inert under mild experimental conditions); b) anion templates in systems where the bonds linking the components are reversible and lead to anion-controlled dynamic combinatorial libraries. Since some comprehensive reviews in the area have appeared over the past few years, [5] [6] [7] this chapter will mainly focus on papers published recently and will aim to show the principles of anion templation rather than being a comprehensive account of the literature. In addition, the scope of the chapter will be restricted to finite assemblies (molecular or supramolecular) and not polymeric (for a review on molecularly imprinted polymers using anions see Steinke's chapter in this volume).
Templating effects in chemistry
In the 1960s, Busch carried out pioneering work on metal-directed syntheses of macrocycles establishing the concept of chemical template. As defined by him"a chemical template organizes an assembly of atoms, with respect to one or more geometric loci, in order to achieve a particular linking of atoms". [20] [21] [22] This provides an efficient route to prepare a specific molecular assembly when several others can be potentially formed. Ideally templates should be removed from the final product once the reaction has reached completion; however, templates often form an integral part of the final product and hence they cannot always be removed from it.
A templated process can be driven thermodynamically or kinetically. [23] In the former case, the template binds more strongly to one of the products present in an equilibrium (i.e. a mixture under thermodynamic control) shifting the reaction towards the formation of this specific product which is then obtained in higher yields. As will be discussed later in this review, this is particularly important in the generation of dynamic combinatorial libraries. On the other hand, kinetic templates operate under irreversible conditions by stabilising the transition state leading to the final product.
In a templated process the interactions between the directing group and the building blocks can be either covalent or non-covalent. The latter can make use of a wide range of supramolecular interactions such as hydrogen bonding, π-π stacking, electrostatic interactions and hydrophobic effects. From these, hydrogen bonding interactions are particularly useful since they are relatively strong and, more importantly, are directional. In fact, hydrogen bonding interactions are employed as the main driving force in many of Nature's templated processes. One of the most elegant examples of this is the replication and transcription of nucleic acids.
Recent examples of anion-templated processes
Since the first examples of anion-directed assemblies were reported in the 1990s, a wide range of molecular and supramolecular systems have been successfully prepared using anions as templates. This section has been divided by the type of molecular or supramolecular species formed and, as mentioned before, it will mainly focus on systems that have been recently reported in the literature (making reference to previous examples when important for the sake of clarity and completion).
Macrocycles
Böhmer has recently shown that the presence of chloride can dictate the size of macrocyclic poly-urea systems. The reaction between diamine 1 and diisocyanate 2 yield the macrocyclic species 3 and 4 in a 5:1 ratio (see Scheme 1) . [24] O When this reaction was repeated in the presence of two equivalents of tetrabutylammonium chloride, the formation of the larger macrocycle 4 was favoured over the trimeric species 3. In fact, the ratio reverted to 1:5 in favour of the larger macrocycle. Crystals of macrocycle 4 were obtained from the crude of the first reaction when grown in the presence of tetrabutylammonium chloride.
The structure (Figure 1 ) revealed an interesting host-guest complex in which two chlorides are bound by the macrocycle (which explains the need of two equivalents of chloride to favour the formation of the hexameric compound). It is worth noting that this process could in principle lead to dynamic combinatorial libraries of products since the type of bond that brings together the different components in the reaction is a reversible one (namely imine formation).
In fact, the initial mixture of products observed by the authors has been postulated to be a mixture of different-sized macrocycles and linear species (from which one of them is amplified upon addition of terephthalate). More detailed studies would be needed to determine whether this system indeed leads to the formation of a DCL of receptors (see section 4 for examples of anion-directed DCLs).
A widely used approach to the synthesis of large macrocycles and cages (see or 3D from a one-pot reaction. Often, the addition of a template to the reaction mixture provides a more efficient path for the formation of one specific assembly.
Some recent examples of anion-templated metallo-macrocycles and -cages are discussed in this and the following sections.
Lippert has shown that the assembly between platinum(II) centres and purine bases can be controlled by specific anions. In analogy to the hydrogen-bonded tetrads that guanine bases can form, this group synthesised a metallo-square in which the purine bases are interconnected by coordination to platinum(II) centres rather than hydrogen bonding interactions (see Figure 2 ). Square 9 formed over a period of 5 days by self-assembly process of four units of
2+ (where Pur = 9-methylpurine). Interestingly, in this process the formation of a second species with a triangular geometry was observed (see Scheme 3) . NMR experiments showed that the triangular metallomacrocycle 10 is favoured (in a 0.6:1 ratio) to square 9. However, if the selfassembly process is carried out in the presence of SO 4 2-, the proportion of the two species changes and the square is favoured over the triangle in a 2.5:1 ratio. This change in the preference for the square over the triangle has been attributed to the templating properties of the sulfate anion.
Scheme 3. Reaction scheme for the formation of metallo-triangle 10. (11) and (b) the tri-copper assembly {[Cu 3 (pprd) 3 (12) . Although the reactions to obtain the two differently-sized macrocycles are not identical, it is plausible to suggest that the volume of the anions dictates the size of the macrocycle. With PF 6 , the tetranuclear metallo-macrocycle forms while the smaller tetrahedral ClO 4 anion directs the formation of the tri-copper macrocycle.
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Cages and capsules
In the late 1990's we reported one of the first examples of anion-templated metallo-cage. [28] [29] [30] The system was based on the chloride-directed assembly of eight units of amidinothiourea (H-atu, see Scheme 5) and six nickel(II) centres to yield [Ni 6 (atu) 8 ⊂Cl]Cl 3 (13) . The resulting assembly showed to contain a completely encapsulated chloride interacting via hydrogen bonding and weak metal-anion interactions with the cage. 
Interlocked species
Molecular interlocked systems such as catenanes and rotaxanes can also be prepared using anion-directed approaches. (17) formed (see Figure 8 ). [37] This assembly was structurally characterized revealing the presence of a PF 6 − anion at its center forming multiple C-H⋅⋅⋅F hydrogen bonds with the hydroquinone methine and the benzylic methylene hydrogen atoms. A similar approach was later employed to prepare rotaxanes by "clipping" (via ruthenium-catalysed olefin metathesis) the acyclic hydrogen bonding species 18
with the corresponding axel 19 in the presence of chloride (see Scheme 7). [42] The resulting rotaxane (20) has been structurally characterised showing the strong binding between the interlocked species and the templating chloride (see Figure   11 ). Using the same general strategy described above, Beer reported the first aniontemplated synthesis of catenanes. [43, 44] Mixing macrocycle 21 with the acyclic hydrogen-bonding molecule 22 in the presence of chloride as a template,
[2]catenane 23 was formed (see Scheme 8) . As for rotaxane 20, the crystal structure of this interlocked species revealed the strong interaction between the templating chloride and the two macrocyclic components of the catenane ( Figure   12 ). For a comprehensive review of this area, see the recent reviews published by
Beer. [7, 9, 10] 4 Anions as templates in dynamic combinatorial 
Using metal-ligand coordination bonds
Dunbar has elegantly demonstrated the use of anionic templates for the syntheses of a range of nickel(II) and zinc(II) metalla-cyclophanes using 3,6-bis(2-pyridyl)- 9 . The X-ray crystal structures of these species (see Figures 13 and 14) have shown that in both the squares and pentagon one anion is encapsulated at the centre of the corresponding metalla-cyclophane (displaying anion-π interactions between the O and F atoms of the anions and the tetrazine rings of bptz). Further studies by the same authors showed that the molecular pentagon can be easily converted into the corresponding molecular square in the presence of excess BF 4 − and ClO 4 − . The conversion of the molecular pentagon to the square is also observed upon addition of iodide (which due to its large size and polarizability it can adopt the directionality of a tetrahedral anion).
In contrast to the above, the conversion of the nickel square to the corresponding pentagon upon addition of excess SbF 6 − is not readily observed (only partial conversion takes place). This apparent higher stability of the molecular square in comparison to the molecular pentagon has been attributed to more strain in the pentagon. This is supported by the X-ray crystal structure of the metallo-pentagon in which the btpz ligands are considerably bent. In the same paper, the reactions between these two ligands and "naked" palladium(II) cations were also discussed. Interestingly, the structure and nuclearity of the resulting assemblies was shown to depend on the counteranion of the palladium salt used. Thus, the reaction between Pd(NO 3 ) 2 and ligand L 6 yielded mainly the tetrahedral assembly 29 (see Figure 15 ). An analogous assembly was obtained in the presence of BF 4 -. However, when the reaction was carried out in the presence of triflate a double-walled triangle (30) was obtained as the major product (Scheme 11). When carrying out a similar reaction with ligand L 7 (which is longer than L 6 ) the structures of the resulting metallo-assemblies were again found to be aniondependant. In this case, dynamic equilibrium between the two assemblies 31 and 32 was observed. With nitrate as the counter-anion, a roughly 1:1 mixture of the two assemblies was observed; however, with triflate the main product formed was the double-walled triangle. In contrast in the presence of the aromatic p-tosylate anion, the formation of the M 4 L 8 assembly was favored.
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Scheme 12. Schematic representation of the equilibrium between the double-walled metallotriangle 31 and metallo-tetrahedron 32.
A similar approach to that reported by Fujita for the generation of dynamic combinatorial libraries of metallo-assemblies has been developed in our own group. [50] In contrast to most of the bipyridyl-based ligands employed for the synthesis of metallo-macrocycles reported so far, we were interested in using bipyridyl ligands containing spacers with hydrogen bonding functionalities such as ligands L 8 and L 9 . It was rationalized that having hydrogen bonding donor groups would aid in the interaction with potential anionic guests/templates.
The reactions between each of these two ligands and [Pd(dppp)(OTf) 2 ] (dppp = 1,3-bis(diphenylphosphino)propane) were studied aiming at producing cyclic metallo-assemblies (see Scheme 13) . The combination of these ligands and the metal complex (in 1:1 ratios) could in principle give a range of different cyclic and acyclic materials. Since palladium-pyridine bonds are relatively labile, it was expected that a dynamic equilibrium of different assemblies would be established. 4 (33) [Pd(dppp)(L 
and a "bowl-type" structure (see Figure 16 ). These studies suggested that there is an equilibrium between two species which have been assigned to the [2+2] and a [3+3] metallo-assemblies (see Scheme 14) . The ligands around the cobalt(II) centres generate "pockets" of the right size to bind perchlorate anions via hydrogen bonding (see Figure 17) . The anion-free macrocycle 38 was isolated upon addition of triethylamine to The results discussed above, strongly suggest the presence of a dynamic equilibrium between various macrocyclic species in solution. Upon addition of the appropriate anionic template, amplification of one of them is then observed.
Conclusions and outlook
The first examples of anion-templated processes were reported in the early 1990's. Since then, this area of supramolecular chemistry has grown steadily showing the important role that anionic templates can play in directing the synthesis of specific molecules and supramolecular assemblies. A wide range of organic and metal-organic macrocycles have now been prepared by aniontemplated processes. Similarly, the syntheses of molecules with complex topologies (such as those of pseudorotaxanes, rotaxanes and catenanes) can now be achieved by anion-directed assembly of simple building blocks. Another area where anion templates have had an important impact is in the synthesis of coordination cages and capsules. More recently, the use of anions as templates in dynamic combinatorial libraries has been realized showing that structurally challenging anion-receptors can be developed using this dynamic approach. This promises to be an area of important future developments with the potential to generate receptors that can not be easily achieved using more "classical" synthetic methodologies.
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